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Intracranial self-stimulation (ICSS) activates the
neural pathways that mediate reward, includ-
ing dopaminergic terminal areas such as the
nucleus accumbens (NAc). However, a direct
role of dopamine in ICSS-mediated reward
has been questioned. Here, simultaneous vol-
tammetric and electrophysiological recordings
from the same electrode reveal that, at certain
sites, the onset of anticipatory dopamine
surges and changes in neuronal firing patterns
during ICSS are coincident, whereas sites lack-
ing dopamine changes also lack patterned
firing. Intrashell microinfusion of a D1, but not
a D2 receptor antagonist, blocks ICSS. An
iontophoresis approach was implemented to
explore the effect of dopamine antagonists on
firing patterns without altering behavior. Similar
to the microinfusion experiments, ICSS-related
firing is selectively attenuated following D1
receptor blockade. This work establishes a
temporal link between anticipatory rises of
dopamine and firing patterns in the NAc shell
during ICSS and suggests that they may play
a similar role with natural rewards and during
drug self-administration.
INTRODUCTION
Motivated behavior occurs within seconds, requiring
prompt neural processing. Previously, correlation of brain
activity with rapid behaviors could only be achieved with
electrophysiology. Such studies have shown that the
NAc, a limbic/motor interface that receives convergent in-
put from a variety of brain regions (Mogenson et al., 1987;
Sesack and Pickel, 1990), contains neurons that process
reward-related information (Carelli et al., 2000; Tremblay
et al., 1998). ICSS is such a behavior in which potent rein-
forcing effects are induced by self-administered electricalcurrent directly to reward-related brain regions while
bypassing sensory input (Wise, 2004). The link between
dopamine and intracranial stimulation reward was initially
based on findings that blockade of dopamine receptors
with neuroleptics impaired ICSS (Wise, 1996). Anatomical
specificity was demonstrated by microinjecting dopamine
receptor agents directly in the NAc and observing altered
ICSS (Singh et al., 1997; Stellar and Corbett, 1989). Con-
versely, drugs of abuse generally tend to increase ICSS
response rates (Gardner, 2005), presumably by their
enhancement of extracellular dopamine levels in the NAc
(DiChiara and Imperato, 1988; Wise and Rompre, 1989).
However, ICSS can be achieved with stimulus patterns
that fail to activate dopaminergic axons (Murray and
Shizgal, 1994) or with conditions that fail to cause contin-
uous dopamine release (Garris et al., 1999; Hernandez
et al., 2006). Thus, the precise role of dopamine in ICSS
remains unclear.
Rapid dopamine concentration changes can be moni-
tored with carbon-fiber microelectrodes and fast-scan cy-
clic voltammetry (FSCV) in a behaving animal (Wightman,
2006). Furthermore, simultaneous electrophysiological
recordings can be made with the same microelectrode
(Cheer et al., 2005; Williams and Millar, 1990). We used
this approach recently to measure dopamine and cell
firing in the NAc core during ICSS and showed that the
reinforcing stimulation generated changes in neuronal
activity and dopamine release, but the two were func-
tionally unlinked (Cheer et al., 2005). Here, following an
identical protocol but with recordings in the NAc shell,
we report remarkably different responses: coincident
changes in firing and subsecond dopamine release occur
at the cues signaling reward availability that are function-
ally linked via D1 receptor activation.
RESULTS
Simultaneous Measurement of Subsecond
Dopamine Release and Adjacent Neuronal Activity
in the NAc Shell during ICSS
Electrochemistry and neuronal activity were simulta-
neously obtained from the same carbon-fiber electrode
in the NAc shell. Rats pressed a lever to receive anNeuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc. 237
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extension, a cue consisting of termination of the house-
light and tone occurred. Once pressed, the lever was
retracted, the stimulation was delivered, and the se-
quence was restarted with a 10 s timeout (Experimental
Procedures; Figure 1A). Animals (n = 14) received 30 trials
per session, and they pressed with a latency of 0.9 ± 0.3 s.
Unlike continuous lever pressing (Garris et al., 1999),
dopamine release was evoked by the electrical stimulation
following the lever press in all animals with the 10 s time-
out. However, an unexpected finding was the spontane-
ous dopamine release that occurred prior to the presenta-
tion of the cue that maximized before the lever appeared
(Figure 1B). This initial rise in dopamine was absent in
our previous recordings in the NAc core (Cheer et al.,
2005). Simultaneous unit recordings revealed that these
dopamine changes were accompanied by two different
neural responses (Figure 2). The majority of neurons
(62%, 85 out of 137 neurons) showed inhibitions in firing
rate that started before cue onset and were classified as
Figure 1. Timing Diagram of the ICSS Procedure and Associ-
ated Subsecond Dopamine Release in the NAc Shell
(A) (Upper) Tone and houselight were on for a 10 s timeout and extin-
guished 1 s prior to lever extension. (Middle) The lever was normally
retracted and unilluminated and was extended and reilluminated 1 s
after the dark period (red bar). (Lower) The stimulation was delivered
following a lever press, and the cycle was reinitiated. Animals were
allowed 30 reinforced lever presses (trials) per session.
(B) Subsecond dopamine release during criterion responding for intra-
cranial stimulation. The green triangles denote the time of cue onset,
and the black squares represent lever extension. The dopamine con-
centration rises prior to cue onset and maximizes between cue onset
and lever extension. The second maximum occurs following the lever
press as a result of the stimulation.238 Neuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc.preresponse inhibition (type PrI; Figure 2A, left). Activity
remained inhibited until the animal pressed the lever and
then rebounded and returned to baseline at5 s following
lever extension. Figure 2A (right) shows the average of
all PrI cells exhibiting an inhibition beginning at 1.3 ±
0.3 s prior to cue onset, dropping from 2.1 ± 0.3 Hz to
1.58 ± 0.2 Hz (p < 0.05) at lever extension. At the same
sites at which PrI neurons were recorded, the dopamine
concentration maxima was 98 ± 21 nM (p < 0.05 com-
pared to baseline) at 0.2 ± 0.1 s after the cue, and the
rise began 1.8 ± 0.4 s before cue onset. For PrI neurons,
88% of recording sites exhibited the cue-associated rise
in dopamine.
A second population of neurons, termed preresponse
excitation (type PrE), also exhibited a change in activity
before the cue, coincident with changes in dopamine. In
this case, the firing ramped up until lever extension
(Figure 2B, left). The population analysis for PrE cells
(Figure 2B, right; 22% of the total cells) showed a rise
from 4.2 ± 0.4 Hz at 1.1 ± 0.3 s before the cue to a peak
of 5.3 ± 0.6 Hz (p < 0.05) at 0.5 ± 0.1 s after cue onset.
On average, dopamine began its rise at 0.8 ± 0.3 s before
cue onset and maximized at 0.6 ± 0.1 s after cue onset
with a concentration of 85 ± 18 nM (p < 0.05 compared
to baseline). A cue-associated rise in dopamine was found
at 87% of PrE sites.
Remarkably, most locations where neurons exhibited
no patterned cell firing (termed nonphasic cells; Figure 2C,
left) had no cue-associated dopamine rise (17 out of
22 sites, 77%) even though dopamine release occurred
at the stimulation. Figure 2C (right) shows the population
perievent histograms (PEH) and accompanying dopamine
trace for such locations. Together, these combined elec-
trochemical/electrophysiological data suggest that do-
pamine is necessary for anticipatory phasic firing that
precedes completion of ICSS behavior.
Cue-Evoked Dopamine Release and Coincident
Patterned Firing Can Be Temporally Separated
from Stimulated Dopamine Release
Previously we have shown that dopamine transients occur
at two distinct times during goal-directed behaviors: dis-
crete dopamine surges occur at the initiation of the goal-
directed behavior while others occur following the operant
response for reward (Phillips et al., 2003; Roitman et al.,
2004). To dissociate more clearly the cue-related dopa-
mine responses and associated single-unit changes
from stimulated responses, the stimulation was delayed
by 1 s from the lever press at the major type of phasic cells,
PrI (n = 7 rats, 22 neurons; Figure 3). Before the delay was
imposed, dopamine rose 1.6 ± 0.4 s before cue onset and
maximized at 0.4 ± 0.1 s afterwards with a concentration
of 88 ± 31 nM (p < 0.05 compared to baseline; Figure 3A).
Simultaneously, the firing rate decreased (from 1.9 ±
0.5 to 0.3 ± 0.1 Hz, p < 0.05) beginning at 1.4 ± 0.6 s before
cue onset and then rebounded at 3.5 ± 0.5 s after cue
onset. With imposition of the 1 s delay at the same record-
ing location (Figure 3B), the maximum of cue-associated
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Shell Firing Patterns Observed Simulta-
neously with Subsecond Dopamine
during ICSS
Representative rasters (left) and population
(right) PEHs (which consisted of summing
data from each individual neuron over individ-
ual trials across animals). The overlaid traces
(red) show the time course of single-session
(left) or average (right) extracellular dopamine
concentration changes simultaneously mea-
sured at the same loci where neurons were
recorded. Cue onset, green symbols; lever
extension, black symbols; lever press, blue
diamonds on the raster in the left panel; stimu-
lus delivery, red triangles on the raster in the left
panel.
(A) PrI neurons show firing inhibition prior to cue
onset that coincides with the onset of the rise in
cue-associated dopamine release (arrow).
Both measures return to baseline following
delivery of the electrical stimulation.
(B) PrE neurons exhibit changes in firing that
coincide with the onset of cue-associated
dopamine (arrow) and both measures maxi-
mize at lever extension. Both measures return
to baseline following delivery of the electrical
stimulation.
(C) Nonphasic cells. Dopamine was only
evoked by the electrical stimulation. Bin width,
200 ms for both measurements.dopamine was more clearly defined but occurred at the
same time and with the same amplitude (maximum of
93 ± 32 nM at 0.6 ± 0.2 s after cue onset; p < 0.05 com-
pared to baseline). However, the neuronal responses fol-
lowed the dopamine surges but were prolonged to 4.5 ±
0.5 s after the cue (from 2.2 ± 0.3 to 0.5 ± 0.1 Hz; p < 0.05).
ICSS Is Selectively Inhibited following D1
Receptor Blockade
To evaluate the functional role of the cue-associated dopa-
mine, we used two approaches in other animals (Figure 4).
First, microinjection into the NAc shell of SCH23390 (SCH),
a D1 receptor antagonist, but not saline, abolished lever
pressing for intracranial stimulation in five out of six sub-
jects (Figure 4A, top). This was not due to deficits in general
movement since microinjections of SCH did not alter loco-
motion (Figure 4A, bottom). This effect is specific to the
NAc shell because similar microinjections of SCH in the
dorsal striatum did not inhibit lever pressing (n = 4, data
not shown). In contrast, shell microinjection of raclopride
(Rac), a D2 receptor antagonist, did not modify ICSS (Fig-
ure 4A, top), even though the dose was sufficient to reduce
locomotion (p < 0.01; Figure 4A, bottom).
Iontophoretic Ejection of a D1 Receptor Antagonist
Attenuates Patterned Firing during ICSS
As our final test, we added iontophoresis barrels to the
carbon-fiber microelectrode to allow localized, rapid drugdelivery (Armstrong-James et al., 1980) that avoids be-
havioral confounds. Iontophoretic application of SCH
with this unique technical approach did not affect the
behavior but dramatically and rapidly decreased overall
neuronal activity (Figure 4B; n = 3 cells in 3 rats) and pat-
terned firing during ICSS (Figure 4C). Both modes of firing
were restored when application ceased. Iontophoresis of
Rac or saline to the same cells had no effects on patterned
firing (data not shown).
DISCUSSION
Using a combined methodology of electrochemistry, elec-
trophysiology, and iontophoresis, we show a temporally
and spatially resolved view of dopamine release and its
actions during ICSS. The link of dopamine to ICSS is
well established (Wise, 2004); the controversy has been
its precise function in this behavior. A role for dopamine
released by the electrical stimulation has been questioned
because ICSS does not require direct activation of dopa-
minergic neurons (Bielajew and Shizgal, 1986), can occur
without a continuous dopamine increase (Garris et al.,
1999; Hernandez et al., 2006), and, in situations where
stimulated dopamine release occurs, it may not affect pat-
terned unit activity (Cheer et al., 2005). Here, we show that
dopamine release in the NAc shell can occur at the pre-
sentation of cues signaling ICSS and that this release
is temporally correlated with changes in firing of shellNeuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc. 239
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between the chemical and physiological changes is medi-
ated by D1, but not D2, dopamine receptors. However,
these coincident chemical and electrophysiological
patterns only occur in discrete locations within the shell.
Such activity, both temporally and spatially correlated,
stands in strong support of the hypothesis that functional
microcircuits within the NAc shell subserve discrete
aspects of goal directed behavior (Carelli and Wightman,
2004).
The NAc, which consists primarily of the core and shell
subregions (Zahm, 2000), is a central region for reward-
related processing for natural reinforcers, drugs of abuse,
and ICSS (Di Chiara and Bassareo, 2007; Garris et al.,
1999; Hernandez et al., 2006; Kelley, 1999; Wise, 2004).
However, our prior work in the NAc core using the same
behavioral paradigm and measurement techniques
(Cheer et al., 2005) did not reveal dopamine release in
response to cue presentation. Rather, dopamine release
was only seen at the stimulation, and the accompanying
Figure 3. Differential Encoding of Reward Delivery by Neuro-
nal Activity and Dopamine Release in the NAc Shell
(A) Representative raster and PEH constructed relative to cue onset
shows the activity of a PrI-type neuron. The lever press (blue dia-
monds) was immediately followed by an electrical stimulation (red
triangles, see double arrow). Coincident changes in dopamine release
are overlaid in red.
(B) When a 1 s delay between the lever press and the stimulation is
imposed to this animal (note the elongated time between diamonds
and squares on the raster plot indicated by the double arrow) at the
same recording location, firing inhibition is lengthened by 1 s, but
the rise in cue-associated dopamine still maximizes between cue
onset and lever extension. Bin width, 200 ms for both measurements.240 Neuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc.changes in single-unit activity were shown to have a major
GABAergic component. Our shell-specific responses are
consistent with the finding that conditioned stimuli that
predict morphine delivery increase dopamine in the shell,
but not the core (Bassareo et al., 2007). The NAc shell,
however, is most often implicated in unconditioned as-
pects of motivated behavior. For example, pharmacolog-
ical manipulations in the shell, but not the core, stimulate
unconditioned feeding (Kelley, 1999; Pecina et al., 2006;
Reynolds and Berridge, 2001). Further, unconditioned
presentation of palatable foods and drugs of abuse prefer-
entially increase dopamine sampled by microdialysis in
the shell compared to the core (Di Chiara et al., 2004),
and primary reward necessary for associative learning is
processed within the shell (Fenu et al., 2001). Conversely,
conditioned stimuli for other reinforcers (food, cocaine)
consistently evoke dopamine release in the core (Ito
et al., 2000, 2004; Phillips et al., 2003; Roitman et al.,
2004). Thus, the regionally specific roles of dopamine
and its modulation of NAc cell firing implicated in goal-
directed behavior may be more complex than recognized;
indeed, it has been proposed that regional differences in
dopamine release may depend on the nature of the learn-
ing paradigm (Pavlovian versus operant; Di Chiara and
Bassareo, 2007), as well as the type of stimulus employed
in the task (e.g., conditioned stimuli signaling impending
reward versus discriminative stimuli that signal reward
dependent upon a response).
The rapid dopamine increase associated with cues that
predict ICSS is congruent with findings by Schultz and co-
workers (Schultz and Dickinson, 2000). Learned cues that
predict reward induce a burst of dopaminergic cell firing
in the midbrain, the origin of dopaminergic neurons that
project to the NAc. However, because voltammetry can
provide a direct measurement of terminal dopamine re-
sponses, it reveals the distinct dopamine surges in the
shell, but not in the core, that would be impossible to re-
solve with electrophysiological recordings at the level of
dopaminergic cell bodies. Furthermore, because dopa-
mine release does not track linearly with cell firing (Monta-
gue et al., 2004), only direct measures provide an unequiv-
ocal view of dopamine and its actions on downstream
neurons. The high time resolution of the present study re-
veals that dopamine actually rises before cue presentation
with the fixed timing paradigm. This finding is consistent
with studies demonstrating an important role for dopa-
mine in time estimation (Buhusi and Meck, 2005).
To more precisely examine the nature of cue-evoked
dopamine release in the shell, we delayed the electrical
stimulation produced by the lever press (Figure 3), and
this allowed the temporal pattern of cue-evoked dopa-
mine release to be clearly observed. Dopamine concen-
tration peaks between cue onset and lever extension
and then falls sharply, while behavior is ongoing. In con-
trast, NAc patterned activity persists until the reinforcer
is obtained (Taha and Fields, 2006), indicating that, while
dopamine may be responsible for NAc activation that
initiates goal-directed behavior (Nicola et al., 2005; Yun
Neuron
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Are Critical for the Encoding of ICSS
Behavior
(A) Intrashell administration of SCH23390
(SCH), but not raclopride (Rac) or saline, in-
hibited the initiation of behavioral responding
for ICSS (top, n = 6 animals). Only Rac-
impaired locomotion (bottom, **p < 0.01 versus
saline controls). Error bars are 6 SEM.
(B) Firing-rate histogram depicting the activity
of a PrI neuron during an entire ICSS session.
Vertical ticks on top indicate times of lever
extension, and the black bar denotes the ionto-
phoretic application of SCH (15 nA). Bin width,
10 s.
(C) Reversal of PrI-patterned firing by blockade
of D1 receptors. The raster on the left repre-
sents firing across all the trials shown in (B),
relative to cue onset (green triangles). The top
PEH to the right of the raster shows the charac-
teristic firing pattern of the I-type neuron before
ejection of SCH, the middle histogram shows
the dramatic decrease in baseline rate as well
as the reversal in the pattern of firing (inset)
elicited by SCH ejection (15 nA), and the return
to pre-ejection levels is shown on the bottom
histogram once SCH application ceases. Bin
width, 200 ms.et al., 2004), other afferents to NAc neurons modulate con-
tinued aspects of ICSS behavior. For example, sustained
NAc cell firing (that occurs at the response and continues
for seconds afterwards) may process information related
to cues associated with ICSS delivery or response com-
pletion in a dopamine-independent manner.
Our behavioral experiments (Figure 4A) indicate that
NAc dopamine regulates ICSS through a D1-mediated
mechanism. This extends previous findings which have
shown that nonselective blockade of NAc dopamine
receptors impairs ICSS (Stellar and Corbett, 1989; Wise,
1996), whereas activating intra-NAc D1 receptors
augments this behavior (Singh et al., 1997). Indeed, D1
receptor activation during ICSS promotes long-term po-
tentiation of striatal neurons (Reynolds et al., 2001). The
present iontophoresis data shows that D1, but not D2,
receptor activation directly regulates dopamine-mediated
changes in postsynaptic cell activity (although as both
basal and time-locked changes in activity were altered,
the precise interpretation requires further investigation).
D1 receptor activation requires high dopamine concentra-
tions (Richfield et al., 1989), and our chemical findings
show that these occur in the NAc shell in response to
cues. It has recently been suggested that such transient
dopamine concentration surges regulate postsynaptic
activity in a state-dependent manner (Arbuthnott and
Wickens, 2007). Specifically, D1 receptor activation iscapable of modifying both hyperpolarized (Pacheco-
Cano et al., 1996) and depolarized (Surmeier et al., 1995)
postsynaptic membrane potentials. This mechanism is
consistent with the present report where phasic firing of
NAc neurons (inhibitions and excitations) is primarily
found at locations where time-locked transient increases
in dopamine concentration occur.
It has been hypothesized that dopamine released prior
to motivated behavior signals incentive stimuli (Berridge
and Robinson, 1998) and appears to be critical for the
initiation of instrumental sequences (Nicola et al., 2005;
Salamone and Correa, 2002). Consistent with this, NAc
neurons show responses to impending rewards (Carelli
et al., 2000; Taha and Fields, 2006) that are altered in
dopamine receptor knock-out mice (Tran et al., 2002;
Tran et al., 2005) and by VTA inactivation (Yun et al.,
2004). Dopamine itself increases during goal-directed
behaviors for cocaine and natural reinforcers (Phillips
et al., 2003; Roitman et al., 2004). This study demon-
strates that local changes in dopamine concentration in
the NAc shell rise preceding goal-directed behavior for
intracranial stimulation and also shows that this increase
is exquisitely time coordinated with changes in firing.
Furthermore, microinfusion of a D1 receptor antagonist
impairs lever pressing, and its iontophoretic application
alters patterned firing. Thus, by employing combined
chemical/electrophysiological/iontophoretic tools inNeuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc. 241
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participates in the initiation of reward-related behavior




Male Sprague-Dawley rats weighing approximately 300 g were used.
They (n = 14) were prepared for recordings as described previously
(Cheer et al., 2005). Briefly, a guide cannula with a detachable micro-
drive for the carbon-fiber microelectrode was affixed to the skull above
the NAc shell with a Ag/AgCl reference electrode in the contralateral
hemisphere. A stimulating electrode was inserted into the VTA. Items
were affixed to the skull with cranioplastic cement. The microdrive
was replaced with a stylet until the experimental session. A separate
group of animals (n = 14) for microinfusion experiments were implanted
bilaterally with 26 gauge guide cannulae (Plastics One) above the NAc
shell.
ICSS Experiments
ICSS experiments were conducted in an operant chamber. The ses-
sion commenced with a lever extension and illumination of a small light
above it. Depression of the lever caused electrical stimulation of the
VTA (24 biphasic pulses, 60 Hz, 125 mA, 2 ms/phase; delivered
298 ms after the press), retraction of the lever, and activation of
a houselight and 1 kHz tone (67 dB) that continued for a timeout period.
Following the timeout, the tone and houselight were extinguished for
1 s, indicating impending lever extension and reinitiation of the
sequence. The timeout, initially 1 s, was gradually increased to 10 s.
When animals learned to press with a 10 s timeout, they underwent
30 trials per session with 5 to 10 sessions per animal.
Recordings were made with a fresh carbon-fiber electrode in the
NAc shell. The electrode was connected to a head-mounted amplifier
that allowed switching between voltammetric and neural recordings
(Cheer et al., 2005). Single units were processed with house-built
instrumentation, digitized, and units were isolated with principal com-
ponent analysis (Neurosurgery Workstation, Plexon Inc). Typically, one
to two neurons were observed at each location. Dopamine was de-
tected from fast-scan cyclic voltammograms acquired every 200 ms.
The waveform had an initial potential of 0.6V versus Ag/AgCl and
was ramped to +1.4V and back at 400V/s. With this waveform, the
electrode response is approximately 0.3 s (Heien et al., 2003).
Microinfusions
Approximately 4 days after surgery, the animals were trained for ICSS.
Once criterion responding was obtained, either saline (0.9%) or saline
containing 250 ng of SCH23390 or raclopride (500 nl per side, both
from Sigma-Aldrich) were microinfused with a 33 gauge needle
extending 2 mm below the guide cannula for 1 min. The doses used
were determined by their effects on locomotor activity (total distance
moved in 10 min measured with an activity monitor, Accu-Scan).
Iontophoresis
A carbon fiber was loaded in a barrel of a 4 barrel glass capillary
(Stoelting Inst. Co), and the capillary was pulled in a pipette puller
(Narishige) (Armstrong-James et al., 1980). The empty barrels were
filled with 5 mM SCH 23390 or 5 mM raclopride, both in 250 mM
NaCl at pH = 4, and the NaCl solution in the balance barrel. Drugs
were ejected with positive currents (5 to 40 nA) delivered by an ionto-
phoresis pump (Neurophore, Harvard Apparatus). The probes were
positioned with a modified Biela microdrive (Crist Inst. Co.).
Data Analysis
PEH and rasters of electrophysiological data were constructed relative
to cue onset with a 10 s window (data were averaged across animals242 Neuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc.and sessions; Cheer et al., 2005). Each PEH was partitioned into four
2.5 s epochs for firing-rate comparison. Pre- and postresponse inter-
vals were used as baseline/recovery firing rates, and the intervals
around a time-locked change represented the response. Ten second
bins were used within stripcharts and 200 ms bins were used within
PEHs. A bin-by-bin Z score analysis was computed, and a given
time was chosen as onset of change if three consecutive significant
(versus baseline) bins were observed.
Cyclic voltammograms from each trial were background subtracted
using a 1 s block at the minima before cue onset. An in vivo training set
was generated during stimulations that evoked different dopamine
concentrations.(Heien et al., 2005) These were reduced by principal
component analysis to six eigenvectors that captured 99.9% of the
variance and were used with regression analysis to extract dopamine.
Calibration with authentic dopamine allowed concentrations to be
assessed. Responses were averaged across recording locations and
animals for statistical analysis. Changes over the course of a session
were assessed in a manner analogous to a PEH.
Statistics
PEHs and dopamine traces were analyzed with ANOVA and Newman-
Keuls post-hoc tests (p % 0.05). Conventional t tests were used to
determine statistical differences (p % 0.05). Statistical analyses were
performed with Statistica (Statsoft).
Histology
Constant current (20 mA for 20 s through the carbon fiber) lesions were
made to establish recording locations in selected animals that were
administered a lethal dose of sodium urethane (2 g kg1, i.p.). Animals
were transcardially perfused with saline (300 ml) followed by 10%
formalin (300 ml). Brains were removed, cryoprotected, coronally
sectioned at 40 mm on a cryostat, and visualized under a microscope.
ACKNOWLEDGMENTS
This research was supported by the National Institutes of Health
(DA 10900 to R.M.W. and R.M.C. and DA 017318 to R.M.C. and
R.M.W.). The amplifier design and construction by the Department of
Chemistry Electronics Facility, UNC, is gratefully acknowledged.
Experimental assistance by Minar Kim and Jennifer Ariansen is greatly
appreciated.
Received: November 9, 2006
Revised: February 13, 2007
Accepted: March 26, 2007
Published: April 18, 2007
REFERENCES
Arbuthnott, G.W., and Wickens, J. (2007). Space, time and dopamine.
Trends Neurosci. 30, 62–69.
Armstrong-James, M., Millar, J., and Kruk, Z.L. (1980). Quantification
of noradrenaline iontophoresis. Nature 288, 181–183.
Bassareo, V., De Luca, M.A., and Di Chiara, G. (2007). Differential
impact of pavlovian drug conditioned stimuli on in vivo dopamine
transmission in the rat accumbens shell and core and in the prefrontal
cortex. Psychopharmacology (Berl.) 191, 689–703. Published online
October 28, 2006. 10.1007/s00213-006-0560-7.
Berridge, K.C., and Robinson, T.E. (1998). What is the role of dopamine
in reward: hedonic impact, reward learning, or incentive salience?
Brain Res. Brain Res. Rev. 28, 309–369.
Bielajew, C., and Shizgal, P. (1986). Evidence implicating descending
fibers in self-stimulation of the medial forebrain bundle. J. Neurosci. 6,
919–929.
Neuron
Dopamine Drives ICSS Encoding through D1 ReceptorsBuhusi, C.V., and Meck, W.H. (2005). What makes us tick? Functional
and neural mechanisms of interval timing. Nat. Rev. Neurosci. 6, 755–
765.
Carelli, R.M., and Wightman, R.M. (2004). Functional microcircuitry in
the accumbens underlying drug addiction: insights from real-time
signaling during behavior. Curr. Opin. Neurobiol. 14, 763–768.
Carelli, R.M., Ijames, S.G., and Crumling, A.J. (2000). Evidence that
separate neural circuits in the nucleus accumbens encode cocaine
versus ‘‘natural’’ (water and food) reward. J. Neurosci. 20, 4255–4266.
Cheer, J.F., Heien, M.L., Garris, P.A., Carelli, R.M., and Wightman,
R.M. (2005). Simultaneous dopamine and single-unit recordings reveal
accumbens GABAergic responses: implications for intracranial self-
stimulation. Proc. Natl. Acad. Sci. USA 102, 19150–19155.
DiChiara, G., and Imperato, A. (1988). Drugs abused by humans
preferentially increase synaptic dopamine concentrations in the mes-
olimbic system of freely moving rats. Proc. Natl. Acad. Sci. USA 85,
5274–5278.
Di Chiara, G., and Bassareo, V. (2007). Reward system and addiction:
what dopamine does and doesn’t do. Curr. Opin. Pharmacol. 7, 69–76.
Di Chiara, G., Bassareo, V., Fenu, S., De Luca, M.A., Spina, L., Cadoni,
C., Acquas, E., Carboni, E., Valentini, V., and Lecca, D. (2004). Dopa-
mine and drug addiction: the nucleus accumbens shell connection.
Neuropharmacology 47 (Suppl. 1), 227–241.
Fenu, S., Bassareo, V., and Di Chiara, G. (2001). A role for dopamine
D1 receptors of the nucleus accumbens shell in conditioned taste
aversion learning. J. Neurosci. 21, 6897–6904.
Gardner, E.L. (2005). Endocannabinoid signaling system and brain
reward: emphasis on dopamine. Pharmacol. Biochem. Behav. 81,
263–284.
Garris, P.A., Kilpatrick, M., Bunin, M.A., Michael, D., Walker, Q.D., and
Wightman, R.M. (1999). Dissociation of dopamine release in the nu-
cleus accumbens from intracranial self-stimulation. Nature 398, 67–69.
Heien, M.L., Phillips, P.E., Stuber, G.D., Seipel, A.T., and Wightman,
R.M. (2003). Overoxidation of carbon-fiber microelectrodes enhances
dopamine adsorption and increases sensitivity. Analyst 128, 1413–
1419.
Heien, M.L., Khan, A.S., Ariansen, J.L., Cheer, J.F., Phillips, P.E.,
Wassum, K.M., and Wightman, R.M. (2005). Real-time measurement
of dopamine fluctuations after cocaine in the brain of behaving rats.
Proc. Natl. Acad. Sci. USA 102, 10023–10028.
Hernandez, G., Hamdani, S., Rajabi, H., Conover, K., Stewart, J.,
Arvanitogiannis, A., and Shizgal, P. (2006). Prolonged rewarding
stimulation of the rat medial forebrain bundle: neurochemical and
behavioral consequences. Behav. Neurosci. 120, 888–904.
Ito, R., Dalley, J.W., Howes, S.R., Robbins, T.W., and Everitt, B.J.
(2000). Dissociation in conditioned dopamine release in the nucleus
accumbens core and shell in response to cocaine cues and during
cocaine-seeking behavior in rats. J. Neurosci. 20, 7489–7495.
Ito, R., Robbins, T.W., and Everitt, B.J. (2004). Differential control over
cocaine-seeking behavior by nucleus accumbens core and shell. Nat.
Neurosci. 7, 389–397.
Kelley, A.E. (1999). Functional specificity of ventral striatal compart-
ments in appetitive behaviors. Ann. N Y Acad. Sci. 877, 71–90.
Mogenson, G.J., Ciriello, J., Garland, J., and Wu, M. (1987). Ventral
pallidum projections to mediodorsal nucleus of the thalamus: an ana-
tomical and electrophysiological investigation in the rat. Brain Res.
404, 221–230.
Montague, P.R., McClure, S.M., Baldwin, P.R., Phillips, P.E., Budygin,
E.A., Stuber, G.D., Kilpatrick, M.R., and Wightman, R.M. (2004). Dy-
namic gain control of dopamine delivery in freely moving animals.
J. Neurosci. 24, 1754–1759.Murray, B., and Shizgal, P. (1994). Evidence implicating both slow- and
fast-conducting fibers in the rewarding effect of medial forebrain bun-
dle stimulation. Behav. Brain Res. 63, 47–60.
Nicola, S.M., Taha, S.A., Kim, S.W., and Fields, H.L. (2005). Nucleus
accumbens dopamine release is necessary and sufficient to promote
the behavioral response to reward-predictive cues. Neuroscience
135, 1025–1033.
Pacheco-Cano, M.T., Bargas, J., Hernandez-Lopez, S., Tapia, D., and
Galarraga, E. (1996). Inhibitory action of dopamine involves a sub-
threshold Cs(+)-sensitive conductance in neostriatal neurons. Exp.
Brain Res. 110, 205–211.
Pecina, S., Smith, K.S., and Berridge, K.C. (2006). Hedonic hot spots in
the brain. Neuroscientist 12, 500–511.
Phillips, P.E., Stuber, G.D., Heien, M.L., Wightman, R.M., and Carelli,
R.M. (2003). Subsecond dopamine release promotes cocaine seeking.
Nature 422, 614–618.
Reynolds, S.M., and Berridge, K.C. (2001). Fear and feeding in
the nucleus accumbens shell: rostrocaudal segregation of GABA-
elicited defensive behavior versus eating behavior. J. Neurosci. 21,
3261–3270.
Reynolds, J.N., Hyland, B.I., and Wickens, J.R. (2001). A cellular mech-
anism of reward-related learning. Nature 413, 67–70.
Richfield, E.K., Penney, J.B., and Young, A.B. (1989). Anatomical and
affinity state comparisons between dopamine D1 and D2 receptors in
the rat central nervous system. Neuroscience 30, 767–777.
Roitman, M.F., Stuber, G.D., Phillips, P.E., Wightman, R.M., and
Carelli, R.M. (2004). Dopamine operates as a subsecond modulator
of food seeking. J. Neurosci. 24, 1265–1271.
Salamone, J.D., and Correa, M. (2002). Motivational views of reinforce-
ment: implications for understanding the behavioral functions of
nucleus accumbens dopamine. Behav. Brain Res. 137, 3–25.
Schultz, W., and Dickinson, A. (2000). Neuronal coding of prediction
errors. Annu. Rev. Neurosci. 23, 473–500.
Sesack, S.R., and Pickel, V.M. (1990). In the rat medial nucleus accum-
bens, hippocampal and catecholaminergic terminals converge on
spiny neurons and are in apposition to each other. Brain Res. 527,
266–279.
Singh, J., Desiraju, T., and Raju, T.R. (1997). Dopamine receptor sub-
types involvement in nucleus accumbens and ventral tegmentum but
not in medial prefrontal cortex: on self- stimulation of lateral hypothal-
amus and ventral mesencephalon. Behav. Brain Res. 86, 171–179.
Stellar, J.R., and Corbett, D. (1989). Regional neuroleptic microinjec-
tions indicate a role for nucleus accumbens in lateral hypothalamic
self-stimulation reward. Brain Res. 477, 126–143.
Surmeier, D.J., Bargas, J., Hemmings, H.C., Jr., Nairn, A.C., and
Greengard, P. (1995). Modulation of calcium currents by a D1 dopami-
nergic protein kinase/phosphatase cascade in rat neostriatal neurons.
Neuron 14, 385–397.
Taha, S.A., and Fields, H.L. (2006). Inhibitions of nucleus accumbens
neurons encode a gating signal for reward-directed behavior. J. Neu-
rosci. 26, 217–222.
Tran, A.H., Tamura, R., Uwano, T., Kobayashi, T., Katsuki, M.,
Matsumoto, G., and Ono, T. (2002). Altered accumbens neural re-
sponse to prediction of reward associated with place in dopamine
D2 receptor knockout mice. Proc. Natl. Acad. Sci. USA 99, 8986–8991.
Tran, A.H., Tamura, R., Uwano, T., Kobayashi, T., Katsuki, M., and
Ono, T. (2005). Dopamine D1 receptors involved in locomotor activity
and accumbens neural responses to prediction of reward associated
with place. Proc. Natl. Acad. Sci. USA 102, 2117–2122.
Tremblay, L., Hollerman, J.R., and Schultz, W. (1998). Modifications of
reward expectation-related neuronal activity during learning in primate
striatum. J. Neurophysiol. 80, 964–977.Neuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc. 243
Neuron
Dopamine Drives ICSS Encoding through D1 ReceptorsWightman, R.M. (2006). Probing cellular chemistry in biological sys-
tems with microelectrodes. Science 311, 1570–1574.
Williams, G.V., and Millar, J. (1990). Concentration-dependent actions
of stimulated dopamine release on neuronal activity in rat striatum.
Neuroscience 39, 1–16.
Wise, R.A. (1996). Addictive drugs and brain stimulation reward. Annu.
Rev. Neurosci. 19, 319–340.
Wise, R.A. (2004). Dopamine, learning and motivation. Nat. Rev. Neu-
rosci. 5, 483–494.244 Neuron 54, 237–244, April 19, 2007 ª2007 Elsevier Inc.Wise, R.A., and Rompre, P.P. (1989). Brain dopamine and reward.
Annu. Rev. Psychol. 40, 191–225.
Yun, I.A., Wakabayashi, K.T., Fields, H.L., and Nicola, S.M. (2004). The
ventral tegmental area is required for the behavioral and nucleus ac-
cumbens neuronal firing responses to incentive cues. J. Neurosci.
24, 2923–2933.
Zahm, D.S. (2000). An integrative neuroanatomical perspective on
some subcortical substrates of adaptive responding with emphasis
on the nucleus accumbens. Neurosci. Biobehav. Rev. 24, 85–105.
